2 tokamak [6-81 plasmas using a technique correlating the plasma electron cyclotron emission (ECE). On TEXT-U correlation radiometry of ECE (CRECE) correlates the emission of two largely overlapping sample volumes in two disjoint frequency bands [6-81. This eliminates the random, uncorrelated inherent wave noise of the ECE signal while retaining the common temperature fluctuation amplitude. Detailed power spectra of these temperature fluctuations have been obtained over the low field side of the plasma in the equatorial plane [6] . Unfortunately, in order to reduce the wave noise to an acceptable level requires long time averaging, on the order of one second, and any temporal information of the turbulent fluctuations is lost.
In this letter we report results in which some temporal information has been distilled. The quasi-periodic nature of tokamak sawtooth oscillations allows one to perform the correlation analysis synchronously with these oscillations, and thereby obtain spectra representing the evolution of the temperature fluctuations during the course of an average sawtooth period. (Sawteeth are characterized by a sudden drop (-5-10%) in the electron temperature of the plasma core, followed by a rise in temperature outside the sawtooth inversion radius.) This provides some understanding of the time evolution of the temperature fluctuations, and perhaps insight into the mechanism of electrostatic turbulence and associated transport. The tacit assumption is that the dynamics of the turbulence are reproducibly linked to the sawtooth oscillations, a hypothesis verified a posfe!io!i.
Measurements reported here have been made as outlined in [6] for circular plasmas (R=105 cm, u=27 cm) with B6==-2 T, Zp=200 kA and Ee= 2x10 13 cm -3 . Measurements are made in the equatorial plane from the low field side. The sample volume is a disk approximately 2 cm in diameter and 0.8 cm thick in the radial direction, allowing detection of wavenumbers ke 52 cm-' and kr 55 cm-'. Figure 1 shows the electron temperature profile(s) typical of these discharges, one during the quiescent period between sawtooth crashes (gray) and the second during the sawtooth crash (black). A QuickTime movie of the evolution of the temperature pmfile during a sawtooth oscillation is available on the Fusion Research Center gopher servert. The plots were made by sweeping the plasma horizontally k1.5 cm during a single TEXT-U discharge, and a set of 8 fixed ECE t The movie, created by G. Cima, is available from the gopher server hagar.ph.utexas.edu in the directory TEXT-U Tokamak InformationTTEXT-U Data and ExperimentslECE Quicklime Movie. channels recorded the electron temperature. This was used to reconstruct the profile by matching the temperature in the overlapping region of two adjacent channels. The sawtooth inversion radius is located at r/u4.35 for these discharges.
To obtain the evolution of the temperature fluctuations during a sawtooth oscillation, ECE data are subdivided into eight bins representing different phases of the oscillation. All phases are relative to the /ocd sawtooth crash at the measurement location. The data in each phase are Fourier analyzed with a frequency resolution of 1/32 of the Nyquist frequency to produce the time-averaged power spectrum for each sawtooth phase. Successive sawteeth are treated similarly, and the spectra of each sawtooth phase are ensemble averaged over many sawteeth to obtain the requisite statistics; each spectrum incorporates about lo00 sawteeth representing a 200 ms time average. A typical sawtooth oscillation has a period of about 1.5 ms. However, because sawteeth periods are irregular, the number of points in each phase bin will vary. In addition, there is some ambiguity in determining the exact time of the sawtooth crash; the error is about S O /IS. As reported elsewhere [71, in the core (r/a=O) before and during the sawtooth crash (phases H and A) there is a dramatic rise, on the order of a factor of ten, in the turbulence level at low frequency ( G O kHz). Ambiguity in determining the exact crash time distributes the energy between the two phase bins that straddle the crash, A and H; the increase in fluctuation energy can be localized to a window of about 200 p around the peak of the sawtooth crash. Analysis of soft x-ray data, numerical and analytical models indicates that this energy increase is attributable to the Fourier components of the sudden temperature drop in signal at the sawtooth crash (the power spectrum of the sawtoothing signal). After the crash, no significant turbulence is seen above the statistical limit except at very low frequencies (e25 kHz). Because of the relatively small signal, phases C through G have been ensemble averaged in order to obtain reasonable statistics. (The statistical noise level is less than 10"O for this plot.) Figure 3 clarifies the trend by plotting the electron temperature fluctuation amplitude, fe,rms / , integrated over frequencies above 25 kHz. (Integration yields sufficient statistics, and phases C-G need no longer be averaged.) The lower frequency limit is chosen to eliminate low-frequency MHD oscillations. Figure 4 show the evolution at r/a=O.54, outside the sawtooth inversion radius. Looking first at the sawtooth averaged spectrum (gray line), immediately apparent is the appearance of a second "feature" in the spectrum which peaks at about 150 kHz. This "bump" is localized to the gradient region of the temperature profile, and is distinguishable at all radii outside the inversion radius surface [6, 71. The center of the bump moves to lower frequency as one moves radially outward. Assuming a plasma ExB rotation velocity as measured by the heavy ion beam probe (HIBP) [9], the bump is consistent with a Doppler shifted turbulence feature rotating with the electron diamagnetic drift velocity, we* = keT, /&a,. a, is the density gradient scale length. Density fluctuation diagnostics identify a similar feature in their spectra and find that this mode propagates in the electron diamagnetic drift direction [9, lo].
As in the core, during the sawtooth crash the fluctuation level increases dramatically (phase A). This increase, however, is not confined exclusively to low frequency, but extends over the entire spectrum, and hence cannot be explained by the Fourier components of the sawtoothing signal. Immediately after the crash the fluctuation power drops over the entire spectrum and continues to drop until about phase C (figure 3) when the energy seems to be largely dissipated. For the reasons cited above, phases D-H have been ensemble averaged. The fluctuations remain at this low level for the remainder of the sawtooth period.
A plausible mechanism for the observed energy loss would be a net propagation outward. However, data presented in [l 1) and [7] belie this scenario. We find non-zero cross-coherence, but zero cross-phase at all frequencies for sample volumes separated radially by up to 3 cm. This implies a mean radial wavenumber = 0, indicating that there is no net radial propagation of these temperature fluctuations. The results imply that the energy is lost via some diffusive process, where a plausible mechanism is that the energy is dissipated at high k modes [4, 121.
Figure 3 also shows data taken at r/a=0.65. As before, there is an enhancement in the fluctuation energy at the crash which relaxes over the course of the sawtooth period. However, the effect is not as dramatic as at r/a=0.54, and the enhancement lasts over several sawtooth phases (A-D) . This indicates that the energy source enhancing the turbulence is weaker, albeit more long lived. Further, only part of the energy has dissipated by the final two phases. H appears that either the dissipation mechanism is not as efficient, or the steady-state (between sawtooth crash) driving mechanism is stronger. Farther out in radius the effect of sawteeth on the spectra is minimal.
In order to understand the turbulence enhancement we look again to the evolution of the electron temperature profile during a sawtooth oscillation shown in figure 1. Concentrating first on the quiescent profile, there are two prominent regions: the flat region of the profile inside the sawtooth inversion radius, and the gradient region outside. It is in the gradient region where the "bump" in the power spectra appears; inside the inversion radius all power is confined to low frequency. The implication is that the gradient, which is widely theorized to be the energy source of electron turbulence [l , 2, 121, .is indeed source for the turbulent fluctuations in "bump" region.
During a sawtooth crash, inside the inversion radius (the flat region) the entire profile rises and collapses simultaneously resulting in only a small change in the electron temperature gradient. Coincident with this there is a rise in only the low frequency (e-70 kHz) turbulent temperature fluctuations which is associated with the discontinuous nature of the crash. Outside the inversion radius, however, the propagating heat pulse leads to a significant steepening of the gradient. One sees a commensurate enhancement of the temperature fluctuations in the "bump" region of the spectra. This increase in gradient the likely source of the energy enhancing the turbulence further out in radius. At mid radius the change in gradient is significant as the heat pulse propagates outward, and there is a large rise in the turbulence level. Farther out in radius the heat pulse is less potent, resulting in a smaller gradient change over a longer time period. This would account for the smaller increase in the turbulence level and longer duration of the enhancement observed at larger radii.
To quantify this effect in figure 5 is plotted the temperature fluctuation amplitude, f&,.,.,s / T, , integrated over The significance of these results with regards to electrostatic transport has yet to be determined. Data are not yet available from the HlBP to ascertain whether a similar evolution of plasma potential fluctuations occurs.
Further, since the wavenumber spectrum of these temperature fluctuations is difficult to measure, the relevance of the fluctuations in eq. (2) is uncertain. One would expect, however, that any effect of the sawteeth on transport is predominantly local, and likely does not effect observed global anomalous transport significantly; the turbulence enhancement, which is large only for r/a<O.6, represents a small perturbation when integrated over both plasma radius and time.
Transport studies of sawtooth-free discharges are ambiguous. Results from ASDEX indicate an enhancement of confinement, though this is likely due to effects other than simply the lack of sawteeth (see [13] and references therein), while results from JET indicate no change in confinement when comparing discharges with "nomal" and "monster" (ultra-long period) sawteeth [14]. In the edge a similar correlation between sawtooth oscillations and turbulent fluctuations has been identified, the sawtooth crash resulting in a significant increase in the associated transport [I 51. Results from experiments modifying the equilibrium density and temperature profiles indicate that VT, does not effect electrostatic particle flux, but draws no conclusions as to electrostatic heat flux.
We plan to explore these issues more fully in future work to concentrate in the following areas: Potential measurements will be made using the HlBP to ascertain whether the potential fluctuations evolve similarly to temperature fluctuations during a sawtooth oscillation. Work is in progress to better determine the spatial resolution of the CRECE system and hence better determine the wavenumber spectrum of the turbulence. Measurements are being made of the plasma top and high field side to determine whether these fluctuations show any poloidal asymmetry, indicative of trapped particle modes. Finally, recent experiments have demonstrated that sawtooth oscillations can be enhanced or suppressed with electron cyclotron heating and proper beam orientation. Thus the effect of sawtooth amplitude on the tubulence level can be studied.
In summary, by using the quasi-periodic nature of tokamak sawtooth oscillations we have obtained some temporal resolution of the turbulent electron temperature fluctuations. Analysis of the data shows that the fluctuation level is intimately linked to the phase of the sawtooth oscillation, and a strong enhancement of fluctuations power is seen at the sawtooth crash. A "bump" feature is seen in the power spectra outside the sawtooth inversion radius which is enhanced during the sawtooth crash. We identify this bump as being due to the electron temperature gradient, and the enhancement during the crash is due to the steepening of the gradient as the sawtooth heat pulse propagates outward. We find a global linear relationship between f&,.,s / T, in the bump region and the temperature gradient scale length. However, during a sawtooth oscillation the enhancement of the temperature fluctuations is greater than the scaling law predicets for the change in the local gradient scale length.
Further study is needed to assess the relevance of these finding to anomalous transport. 
